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MEASUREMENTS OF MUTUAL INTERFERENCE HEATING
FOR A PROBE ANTENNA MOUNTED ON AN
APOLLO REENTRY CONFIGURATION

By Robert A. Jones and James L. Hunt
Langley Research Center

SUMMARY

A study was made at a Mach number of 8 to determine the interference heating
effects of a probe antenna located on the windward afterbody of an Apollo model at a 25°
angle of attack and protruding ahead of the undisturbed main bow shock. The interference
heating effects were observed to occur only on the windward part of the afterbody. The
presence of the probe antenna resulted in peak heating rates as large as 23 times the
local value for a model without a probe or 2.3 times the reference heat-transfer coeffi-
cient, which was the calculated heat transfer at the stagnation point of the Apollo model
at an angle of attack of 0°. This interference heating to the afterbody was very sensitive
to Reynolds number with the highest heating rates occurring at the highest Reynolds num-
bers. The maximum interference heating rates to the probe occurred at the point where
the slip-flow line emanating from the intersection of the body bow shock and the probe
shock impinged on the lower edge of the probe. The value of this maximum heat-transfer
rate to the probe was 15.5 times the reference value or 1.3 times the estimated value for
the probe leading edge subjected to the undisturbed local flow conditions immediately
behind the body bow shock.

INTRODUCTION

A study has been made at the Langley Research Center to determine the feasibility
of using a probe antenna as a means for providing continuous communication during
reentry of the Apollo command module at velocities of about 11 000 m/sec. A discussion
of the probe antenna as a method for alleviating communication blackout is given in ref-
erences 1 and 2. The basic concept is to locate an antenna within a small slender probe
which is placed ahead of the large blunt shock enveloping the main body. The radio sig-
nal from such an antenna would have to penetrate a much thinner, less dense, lower tem~
perature plasma than the one surrounding the main body, and thus the possibility of
achieving continuous communication during reentry would be increased. Wind-tunnel
tests have established that the probe antenna has a small effect on the aerodynamic



stability of the spacecraft. (See ref. 3.) Another problem encountered with such a probe
antenna is the effect of the mutual interference of the probe flow field and that of the
main body on the heat-transfer rate to the body and to the probe. The purpose of the
investigation reported herein was to determine the magnitude of these interference
heating effects and to provide a basis for the selection of a probe geometry which would
give minimum interference heating.

For this interference heating study, certain basic requirements are assumed. The
primary requirements which affect this investigation are

(1) The antenna itself must be conical in shape, approximately 39.37 cm long for a
full-scale Apollo configuration, and must be located so as to always be forward of the
undisturbed main bow shock of the body.

(2) The antenna support strut must be attached to the Apollo vehicle at the Block II
umbilical door, which is on the windward afterbody ray just downstream of the corner.

(3) The strut must be designed to allow for structure and heat shielding that would
insure survival of the probe antenna during the Apollo reentry at velocities of
10 972.8 m/sec.

The investigation consisted of several different phases. In the first phase the
shock shape about the Apollo body was determined at conditions which represented the
maximum and minimum shock standoff distances for a reentry velocity of 10 972.8 m/sec
and conditions where communication blackout was likely to occur. Second, preliminary
tests of 39 different probe configurations all supported from the umbilical door location
were made and the interference heating to the body was measured. Third, detailed inter-
ference heating distributions were measured on the Apollo afterbody for the probe-
antenna configuration which was thought to be the most feasible. Finally, measurements
of heating rates to the probe itself were made for one probe configuration.

The shock shape for the minimum shock standoff distance was measured in a small
hypersonic tunnel by using tetrafluoromethane (CF4) as the test gas to obtain high normal-
shock density ratios. All other tests were made in the Langley Mach 8 variable-density
tunnel. Coatings of fusible temperature indicators were used to measure heat-transfer

rates,

SYMBOLS
a length of probe extending beyond model (fig. 2)
b height of probe above model (fig. 2)



c position of strut on afterbody (fig. 2)

D model face diameter
h measured loca.l heat-transfer coefficient
h, reference heat-transfer coefficient (calculated value at the stagnation point

for an angle of attack of 0°)

M, free-stream Mach number
ROO,D free-stream Reynolds number based on model face diameter
r radius
re corner radius of model
Ty nose radiﬁs of model
I'n,eff effective nose radius of model
0 strut sweep angle (fig. 2)
Py density of gas behind normal shock wave
Pe free-stream density of gas
FACILITIES

Tests were made in a small pilot model hypersonic CF, blowdown tunnel at the
Langley Research Center in which a good simulation of the forebody shock shapes at the
high normal-shock density ratios encountered in flight could be obtained. Tests were
conducted at a stagnation pressure of about 1.034 X 107 N/m?2 with a stagnation tempera-
ture of 422° K. The simulated free-stream Mach number and normal-shock density
ratio were 7.5 and 12, respectively. This facility and the degree of simulation of fore-
body flow fields that can be achieved with CFy as the test gas are described in detail in
reference 4. All other tests were made in the Langley Mach 8 variable-density tunnel
which is described in reference 5., The stagnation pressure in this facility was varied
over a range from 6.895 X 109 to 3.551 x 109 N/m?2 with stagnation temperatures ranging
from 700° to 755° K.



MODELS

It was desirable to use as large a model as could be tested in the facility; there-
fore, a 2/77-scale model of the Apollo command module was used. A sketch of this
basic model is shown in figure 1. This model was made of high-temperature plastic so
that data could be obtained by using the fusible temperature indicator (ref. 6). The pre-
liminary tests were made with probes constructed of 0.159-cm-diameter steel rods
shaped into various configurations and cemented into holes in the afterbody of the basic

model. The geometry of the different probes tested is givén in figure 2. A total of
39 different probe configurations were tested in this preliminary series., The half-angle
of the probe tip was 8°. The different fairings shown in figure 2 were made by adding
solder to the 0.159-cm-diameter rod and filing it to the desired shape.

A drawing and photograph of the final probe-antenna configuration are presented in
figure 3. This probe was handmade from aluminum, A small ramp which was placed
just upstream of the base of the probe for several tests is shown in figure 4. This ramp
was made from the same plastic material as the basic model. It was 1.27 cm wide, about
1.11 cm long, and had a taper of 8° so that its top surface was parallel to the free-stream
flow for an angle of attack of 25° (near trim angle of attack).

A two-dimensional model, shown in figure 5, was used to measure heat transfer to
the probe itself.

TEST TECHNIQUE

Heat-transfer data were obtained by a fusible-temperature-indicator technique
described in reference 6. In this technique the heat-transfer coefficients are determined
by measuring the time required for a point on the surface of the model to reach the phase-
change temperature of the thin fusible coating, as determined visually. These values of
time and temperature are then used in the solution to the heat conduction equation for a
semi~infinite slab with a step input in h to ascertain the heat-transfer coefficient. The
phase-change patterns are recorded by motion-picture photography. The negatives are
projected onto a screen, and a sketch of the model as well as lines representing the phase-
change pattern is drawn. The line for each phase~-change pattern is a line of constant
heat-transfer coefficient provided the adiabatic wall temperature is constant.



RESULTS AND DISCUSSION

Shock Shape Studies

One of the assumptions made for this study was that in order to achieve transmis- .
sion the antenna itself would be conical in shape with a half-angle of about 8° and a length
of about 39.37 cm for the full-scale Apollo. (See refs. 1 and 2.) The center line of the
antenna was to be alined parallel to the free-stream flow for an angle of attack of 25° and
the antenna was fo be located so that its full length would be in front of the bow shock
from the basic Apollo body. For flight at conditions where communication blackout may
be expected, the density ratio across the body bow shock, and therefore the shock loca-
tion relative to the body, varies considerably because of different degrees of dissociation
in the shock layer. It was necessary then to determine the maximum variation in bow
shock locations relative to the basic body so that the probe could be properly positioned
to insure that the antenna would clear the undisturbed main body bow shock. This deter-
mination was made by taking schlieren photographs in the Mach 8 tunnel in air where the
density ratio across a normal shock was 5.6 and in a pilot CF4 tunnel where the density
ratio across a normal shock was 12,1, Sample photographs of these flows are given in
figures 6(a) and 6(b). It was assumed that the most forward shock location corresponded
to that observed for the model tested in the Mach 8 tunnel in air and the most rearward
shock location to that for the model tested in the CF4 tunnel. All the probes tested were
designed so as to have the entire antenna ahead of the shock for the Mach 8 test condi-
tions. The CF4 shock shape was used to determine the area on the probe where maximum
interference heating due to the impingement of the strong bow shock from the basic body
would occur under flight conditions.

Measurement of heat-transfer rates to the probe itself reqi]ired a larger probe than
the 2/77-scale probes used on the Apollo model. In order to simulate the effects of the
strong bow shock impingement on the probe and the effects of the flow expansion around
the windward corner of the Apollo shape on the heat transfer to the probe and at the same
time use a larger probe than one that could be placed on a scale model of the Apollo, a
two-dimensional model was used. A sketch of this two-dimensional model is shown in
figure 5, and a schlieren taken of the model without a probe in the Mach 8 tunnel is shown
in figure 6(c). The shock standoff distance for this two-dimensional model is much
greater than that for the windward corner of the Apollo model; therefore, the probe for
the two-dimensional model could be made three times as large as the probes used to get
interference heating to the basic Apollo body.



Interference Heating to the Command Module

Preliminary probe configurations.- In order to study the effects of various probe
geometries such as height, length, location on main body, et cetera, on interference
heating to the basic body and to determine a probe geometry which would give minimum
interference heating to the command module, preliminary tests were made. No measure-
ments of heating {o the probe were made in these preliminary tests. A total of 39 dif-
ferent probe configurations as shown in figure 2 were tested. All these tests were made
with the basic Apollo model at a 25° angle of attack, at a stagnation pressure of about
1.48 x 106 N/m2, and at a stagnation temperature of about 755° K. The fusible tempera-
ture indicator used had a phase-change temperature of 325° K. These conditions resulted
in a free-stream Reynolds number of 0.33 X 10% based on model face diameter and a ratio
of wall to stagnation temperature of 0.43.

Samples of the heat-transfer results on the windward afterbody of the Apollo model
for 10 different probe configurations are shown in figure 7. The data are given as the
nondimensional ratio h/ho’ where h is the measured local heat-transfer coeificient
and h, is a reference heat-transfer coefficient taken to be the calculated value at the
stagnation point of the basic Apollo model for an angle of attack of 0° under identical flow
conditions. The method used to calculate this reference value is explained in reference 7.
Measured heat-transfer rates to the clean (no probe) Apollo afterbody in the same test
facility at similar test conditions are also shown in reference 7. For an angle of attack
of 25° the value of h/hy for the clean afterbody was approximately 0.10 for the entire
windward part of the afterbody. Depending on probe geometry, the maximum value of
h/h, varied from a low of 0.23 to a high of 0.50 because of interference from the probe
antenna., (See fig. 7.) Thus the presence of the probe antenna resulted in heating rates
as large as five times those of a clean Apollo model. For all of the preliminary tests
the increases in heating due to the presence of the probe antenna were confined to the
afterbody. The corner of the afterbody at approximately the tarigent point of the surface
and the free-stream flow was the most forward location to experience a heating increase.

The effect of varying the sirut sweep angle 6 on interference heating to the after-
body can be seen by comparing figures 7(a) with 7(b) and 7(c) with 7(d). In figures 7(a)
and 7(b) the probe geometry is the same except for the angle 6 which is 45° and 90°,
respectively. For the more highly swept configuration of figure 7(a), a lower peak heating
rate to the afterbody and a smaller area subjected to interference heating occurred. For
the longer probe (figs. 7(c) and 7(d)), the same sweep-angle effects were obtained.

The effect of probe height b on interference heating to the afterbody can be seen
by comparing figures 7(a) and 7(e). The two configurations in these figures are the same
except that the probe height b was 0.635 cm for the model in figure 7(a) and 1.02 cm



for the model in figure 7(e). The comparison indicates that the lower probe resulted in
less interference heating to the afterbody.

The effect of the probe length a on the interference heating to the afterbody can
be seen by comparing figure 7(a) with 7(c), 7(b) with 7(d), and 7(h) with 7(i). The area
on the afterbody which was subjected to the higher interference heating was slightly
larger for the longer probe when the strut leading edge was blunt (see figs. 7(a), 7(c),
and 7(b) and 7(d)). However, there was no noticeable increase in the interference heating
area with a change in probe length when the strut had a sharp leading edge (figs. 7(h)
and 7(i)). In general the sharp leading-edge strut was often better than the blunt leading-
edge strut since it resulted in less interference heating or a smaller interference heating
area. In no case was the sharp strut observed to give more interference than the blunt
strut (see, for example, figs. 7(f) and 7(g)).

The effect of the fore and aft position of the strut on the afterbody c¢ can be seen
by comparing figures 7(b) and 7(f). The more forward location (fig. 7(b)) resulted in a
slightly larger area subject to the high interference heating, but this effect may be par-
tially offset by the lower weight associated with the shorter length probe at the more for-
ward position.

The effects of several different type fillets in the region of the probe-strut junc-
ture (see fig. 2(b)) on the interference heating to the afterbody were also studied. An
example which is typical of the results obtained with a fillet present is shown in fig-
ure 7(j). When the data for the models in figures 7(a) and 7(j), which were similar except
for the fillet, were compared, the maximum interference heating was found to be about
the same for each model; however, for the model with the fillet, a somewhat larger area
on the afterbody was subjected to moderate interference heating rates (0.14 =h/h, =0.23).

Final-probe configuration.~ Based on the results of the preliminary heat-transfer
tests and consideration of structural and heat-shielding estimates, a probe-antenna con-
figuration thought to be feasible for an Apollo configuration was selected. A sketch and
photograph of this probe-antenna configuration is shown in figure 3. The circular cross
section of this probe at station A-A has a diameter about twice that of the preliminary
probes. The larger size was necessary in order to contain the structure and heat
shielding required to adequately protect and support the probe during reentry.

The measured interference heating rates to the afterbody with the final probe-
antenna configuration are shown in figure 8 along with sample photographs of the phase-
change patterns and a schlieren photograph of the flow. These data were taken at a free-
stream Reynolds number of 0.33 X 106 based on model face diameter. The interference
heating with this probe antenna was confined to the afterbody as was that for the prelimi-
nary probes. However, the maximum measured interference heating rate h/hO was 1.20,



which was approximately 2.4 times the maximum value for the preliminary probes. This
increase was probably due to the much larger cross-sectional area of the final probe
antenna. Furthermore, the area subjected to interference heating was larger than that

of the preliminary configurations. The data for other Reynolds numbers (fig. 9) indicate
a large increase in interference heating rate with an increase in Reynolds number. The
maximum interference heating rate was 2.3 for a Reynolds number of 0.51 X 10 based on
model face diameter.

A small ramp (fig. 4) was placed just ahead of the strut in an attempt to reduce the
high interference heating rates to the afterbody. The results with this ramp present are
shown in figures 10 and 11. This ramp proved to be very effective in reducing the high
heating rates, particularly at the high Reynolds numbers. The peak interference heating
rate at the highest Reynolds number was reduced by a factor greater than three (compare
fig. 11(b) with 9(b)), but at the lowest Reynolds number, the ramp reduced the heating rate
only slightly.

Interference Heating to the Probe Antenna

The probe antenna on the 2/77-scale Apollo model was too small for meaningful
measurements of the heat-transfer rate to the probe to be made. Therefore, as previ-
ously mentioned, a two-dimensional model was used to approximately simulate the inter-
ference flow field over the windward corner of the model. This simulation allowed a
larger shock standoff distance and, thus, the use of a larger probe antenna. The shock
interference obtained simulated that of a model with a nose radius of 37.08 cm (rn,eff) .
A sketch of the two-dimensional model is shown in figure 5. The face of the model was
flat and alined normal to the free-stream flow to give a maximum shock standoff distance.
The corner radius was made 2.5 times that of 2/77-scale model, and the afterbody angle
was 11° so as to provide the same expansion angle as for the Apollo model. The probe
antenna was 3.04 times as large as the one tested on the 2/77-scale model and had a
steel tip to prevent melting during the test.

‘A schlieren photograph-of the flow about the large probe and simulated body is
shown in figure 12, and samples of the phase change patterns on the probe are shown in
figure 13. The slip-flow line emanating from the intersection of the body bow shock and
the probe shock impinges on the lower edge of the probe at approximately the region of
peak heating as determined from the phase-change patterns of figure 13. The measured
heat-~transfer distribution on the probe is shown in figure 14 for the same stagnation tem-
perature (755° K) and pressure (3.54 x 106 N/m2) as the other high Reynolds number data
at a Mach number of 8. Because of the larger scale of this probe, the Reynolds number
based on free-stream conditions and the face diameter of the simulated Apollo model was
1.53 x 108, The data are nondimensionalized by the calculated heat-transfer coefficient



for the stagnation point of an Apollo model of the same scale as the probe at an angle of
attack of 0° (hy = 98.9 W/m2-°K). The peak interference heating rate shown in figure 14
is 15.5 at the point where the slip-flow line intersects the lower edge of the strut. An
estimate of the heat-transfer coefficient to the leading edge of the strut in the region of
high interference heating was made. This estimate was based on the assumption that the
leading edge was a swept infinite cylinder subject to flow conditions corresponding to the
local flow immediately behind the undisturbed bow shock at the point where it would inter~
sect the probe. This estimate was based on the method of reference 8 and gave a value
of 1.18 x 103 w/ m2-K. The measured peak interference heating on the probe

(1.532 x 103 W/m2-9K) was then 30 percent greater than this estimated value for an infi-
nite cylinder having a radius equal to that of the probe's leading edge.

CONCLUSIONS

The results of tests conducted at a Mach number of 8 to determine the interference
heating effects of a probe antenna located on the windward afterbody of an Apollo model
and protruding ahead of the undisturbed main bow shock are as follows:

1. The presence of the final probe-antenna configuration resulted in heating rates
to the afterbody as large as 23 times the local value for a model without a probe or
2.3_times the reference value which was the calculated heat transfer at the stagnation
point of the Apollo body at an angle of attack of 0°,

2. The interference heating effects were observed to occur only on the windward
~part of the afterbody.

3. The interference heating rate to the afterbody was very sensitive to Reynolds
numbers with the highest rates occurring at the highest Reynolds numbers.

4, A small ramp located at the base of the probe strut was found to reduce the
interference heating rate to the afterbody. The heating rate was reduced by a factor
larger than three at the highest Reynolds number, but at the lowest Reynolds number,
the reduction was small.

5. The maximum interference heating to the probe occurred at a point where the
slip-flow line emanating from the intersection of the body bow shock and the probe shock
impinged on the lower edge of the probe. The value of this maximum heat-transfer rate
to the probe was 15.5 times the reference value or 1.3 times the estimated value for the



probe leading edge subjected to the undisturbed local flow conditions immediately behind
the body bow shock.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., February 18, 1969,
124-07-02-60-23.
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| 2.03 90
a} Without fillet.

Figure 2.- Preliminary probe-antenna geometry.



Blunt leading -
edges

{b) With fillet. a = 1.27 cm; b= 0.635 cm; ¢ = L.27 cm; 9 = 450,

Figure 2.- Concluded.
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Figure 5.- Cross-sectional view of two-dimensional model. Model width, 20.32 cm.
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Figure 6.- Shock shapes for basic models. 1.-69-1240
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Samples of heat-transfer results of preliminary‘ tests on windward afterbody of Apocllo model for 10 probe configurations.
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(e} a= 12T cm; b=102¢cm; ¢c= 127 cm; 8 = 45% blunt leading-edge strut.

Figure 7.- Continued,
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(@ a=127cm; b=0635cm; c=203cm; 8= 900; sharp leading-edge strut.

Figure 7.- Continued.
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(h) a= 127 cm; b=0.635cm;- ¢ = L.27 ¢cm; 8= 900; sharp leading-edge strut.

Figure 7.- Continued.
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() a=127cm; b=0635cm; ¢= 127 cm; 6 = 45%; fillet.

Figure 7.- Concluded.
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@ R, = 0.2 % 10°.

B R, = 0.51% 10°,

Figure 9.- Effect of Reynolds number for final probe-antenna configuration.
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(@ R,y =0.2% 10°

B R,y = 051% 105,

Figure 11.- Effect of Reynolds number for final probe-antenna configuration with ramp.
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